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Article 
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in Reproductive Function of Drosophila melanogaster 
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B2.1, D-66123 Saarbrücken, Germany; eva.steinmetz@uni-saarland.de 
* Correspondence: eva.steinmetz@uni-saarland.de; Tel.: +49-681-302-6654 

Abstract: The occurrence of ovarian dysfunction is often due to the imbalance between the formation of reactive 
oxygen species (ROS) and the (in)effectiveness of the antioxidative defense mechanisms. Primary sources of 
ROS are the respiratory electron transfer and the activity of NADPH oxidases (NOX), while Superoxide 
dismutases (SOD) are the main key regulators that control the levels of ROS and reactive nitrogen species intra- 
and extracellularly. Because of their central role, SODs are the subject of research on human ovarian 
dysfunction, but the sample acquisition is low. The high degree of cellular and molecular similarity between 
Drosophila melanogaster ovaries and human ovaries provides this model organism with the best conditions for 
analyzing the role of ROS during ovarian function. In this study, we clarify the localization of the ROS 
producing enzyme dNox within ovaries of Drosophila melanogaster and by a tissue specific knockdown, we 
show that dNox derived ROS are involved in the chorion hardening process. Furthermore, we analyze the 
dSod3 localization and show that reduced activity of dSod3 impacts egg laying behavior, but not the chorion 
hardening process.  

Keywords: NADPH oxidase 5 (NOX5); (extracellular) superoxide dismutase (EC-SOD or SOD3) 
 

1. Introduction 

Reactive oxygen species (ROS) is used as a collective term for byproducts that arise from the 
incomplete reduction of molecular oxygen (O2) during normal aerobic metabolism. Free radicals such 
as hydroxyl (OH●) and superoxide anion (O2●-), are highly reactive and can cause damage to proteins, 
DNA and lipids. Therefore, it is essential to keep the formation and elimination of ROS under control 
to maintain physiological metabolic functions. Antioxidative scavenging mechanisms counteract the 
production of ROS to prevent excessive ROS production.  

On the other hand, superoxide anions and the non-radical hydrogen peroxide (H2O2) can act as 
signaling molecules or effectors within and between cells [1–4]. In the female reproductive system, 
ROS and antioxidants are considered key factors in the physiological metabolism of the ovary, as 
they have been shown to influence the reproductive processes of female mammals, such as 
folliculogenesis, ovulation, fertilization, corpus luteum maintenance/regression and embryogenesis 
[5–9]. 

Sources of ROS in the ovary can be macrophages and neutrophils, steroidogenic cells, and 
intracellular sites of origin such as mitochondria, endoplasmic reticulum, nuclear membrane electron 
transport and plasma membranes (as reviewed in [5]). To maintain the delicate redox balance, an 
antioxidant defense system composed of enzymatic and non-enzymatic antioxidants ensures the 
ovarian homeostasis (reviewed in [8]). Enzymatic antioxidants such as superoxide dismutase (SOD), 
catalase, glutathione peroxidase, glutathione reductase and glutathione oxidase are abundant in 
regions of ROS production within a cell. The most harmful ROS, superoxide anion, is removed by 
SOD in a dismutation reaction. However, SODs not only act as antioxidants that protect the cell from 
oxidative damage caused by ROS, they can also be considered as regulators that can convert one 
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oxidant into another type of oxidant, thereby potentially affecting redox-dependent signaling 
pathways [10]. 

The SOD protein family in mammals consists of three members (SOD1–3) encoded by different 
genes. Exhibiting functional similarities, all forms of SOD catalyze the dismutation of superoxide to 
hydrogen peroxide, but differ in subcellular compartmentalization and cofactor requirements [11,12] 
and they require catalytic metal for their activation, the cytoplasmatic Cu/Zn-SOD (SOD1), the 
mitochondrial Mn-SOD (SOD2) and the extracellular Cu/Zn-SOD (SOD3 or EC-SOD) [12–14]. Being 
secreted extracellularly, SOD3 is the only enzyme able to remove superoxide from the extracellular 
space, protecting constituents in this compartment from oxidative modifications. Otherwise, the 
extracellular activity of SOD3 can be seen as a source of hydrogen peroxide for potential autocrine or 
paracrine redox signaling.  

As SOD abundance and activity changes with female age and in ovarian dysfunctions, such as 
endometriosis and polycystic ovary disease (PCOS) [7,15–17], it is under research to become a 
potential biomarker determining systemic oxidative stress and oocyte quality [15,16]. However, due 
to limited options for obtaining suitable sample materials, there is a demand for investigations using 
alternative model organisms. Despite some obvious differences, Drosophila and mammalian ovaries 
have similarities regarding cellular organization and oocyte development, as reviewed in [18]. 
Concerning both organisms, conserved biological functions, including (inter)cellular signaling, must 
occur in the ovaries for functional female gametes to be produced. Therefore, analyzing the 
physiological regulation of ROS in Drosophila ovaries can provide important insights.  

In Drosophila, three genes encode dSod (dSod1–3) [19,20]. The cytoplasmatic Cu/Zn-dSod 
(dSod1) (CG11793) [21], mitochondrial Mn-dSod (dSod2) (CG8905) [22,23] and the extracellular 
Cu/Zn-dSod (dSod3/EC-Sod3) (CG9027) [24,25]. The dSod3 exists in two isoforms, in addition to the 
extracellular form a membrane associated form is predicted [25].  

Few is known about the function or localization of dSod3. The expression rate of dsod3 was 
previously shown to be higher in female compared to male flies [24,25], and the mRNA signal is 
elevated in ovaries [26], indicating a possible significant function of dSod3 during ovarian processes. 
Furthermore, using RNASeq, it has been shown that dSod3 is enriched in late-stage egg chambers 
[27]. The observation of an overexpressed dSod3-HA construct being secreted to the extracellular 
space of posterior mature follicle cells led to the assumption of a potential extracellular localization 
of dSod3 in the ovaries [28].  

The substrate for extracellular SODs, superoxide anions, are formed enzymatically by NADPH 
oxidases (Nox). In Drosophila two members of the NOX family of proteins exist, dNox (CG34399) and 
dDuox (CG3131) [20], while there are seven members in the mammalian (NOX1–5, DUOX1 and 
DUOX2) [29–31]. The dNox, orthologue to the human NOX5, is a protein with 6 transmembrane 
domains that contains an EF-hand-containing calcium-binding domain that mediates activation by 
cytosolic calcium and a cytoplasmic NADPH-binding site, reviewed in [32,33].  

ROS produced by Drosophila dNox have been shown to be essential in the ovulation process to 
control agonist-induced calcium flux during ovarian smooth muscle contraction [34] and for a 
successful follicle rupture, as has been shown previously during an ex vivo assay of dissected late-
stage egg chambers [28]. According to these studies, dNox primarily produces superoxide anions 
(O2●-) to the extracellular space, which dismutate spontaneously or are dismutated enzymatically by 
extracellular superoxide dismutase (dSod3) [28,34]. Using RNASeq, dNox has been shown to be 
enriched in late-stage egg chambers and was proven separately in the follicle cells of late-stage egg 
chambers by RT-PCR [27,28]. However, since neither dNox nor dSod3 antibodies have been available, 
the localization of these enzymes in Drosophila ovary is still unclear.  

In the current study, we first focused on the localization of dNox and dSod3 in Drosophila ovaries 
using immunofluorescence. We generated a specific dNox antibody and tested an available SOD3 
antibody. We showed that dNox and dSod3 both localize at the follicular epithel of mid- to late-stage 
egg chambers and that dSod3 localizes to ovariole muscle sheaths and oviducts. Then, we analyzed 
ovaries in the genetically background of a dsod3 mutant line and knocked down dnox and dsod3 
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according to the discovered localization. The knockdown experiments revealed severe defects in egg 
laying that have not been described previously.  

2. Results 

Localization of dNox and dSod3 in Drosophila Ovaries  

The abundance of dNox in Drosophila ovaries has not been tested so far, as a dNox antibody 
was not available. In order to investigate this task, we generated an antibody against the C-terminal 
domain of the transmembrane protein dNox (Figure 1, A). To avoid a cross reaction of the antibody 
with the second member of the Drosophila NADPH oxidase family, the dual specific NADPH oxidase 
(dDuox), we ensured that amino acid sequences of dNox and dDuox are not conserved, especially at 
the C-terminal end (Figure 1, C).  

 

Figure 1. Western blot analysis of whole ovary homogenates with A anti-dNox antibody (1:500; this 
work) and B anti-dSod3 antibody (1:500; #PA5-102904 Invitrogen). Amount of the probes is equivalent 
to 0.25, 0.5 or 1 ovary; α-Tubulin was used as loading control; probes were run on a 7 % SDS-PAGE 
when analyzing dNox and on a 12 % SDS-PAGE when analyzing dSod3 (optimized for protein size). 
C Alignment of the amino acid sequences that were used as immunogen for the generation of the 
antibody against Drosophila NADPH oxidase (dNox) (black letters) against the amino acid sequence 
of the second Drosophila (dual specific) NADPH oxidase (dDuox) (in grey) D Alignment of the amino 
acid sequences of Drosophila superoxide dismutase 3 (dSod3) (black letters), human superoxide 
dismutase 3 (hSOD3), the mouse superoxide dismutase 3 (mSod3) and the two remaining Drosophila 
superoxide dismutase isoforms 1 and 2 (dSod2 and dSod2) (in grey). Asterisks mark amino acid 
residues that are conserved between dSod3, hSOD3 and mSod3. 

As can be seen in Figure 1, A, homogenates of wildtype ovaries show a double band, which was 
also seen with other NOX-antibodies in other species [35] and might be representative for the second 
isoform that is described for dNox.  

The localization of dSod3 has so far been described in the extracellular space using the 
Drosophila SL2 cell line [24] and overexpressing a HA-tagged dSod3 construct, secreted into the 
extracellular space of mature follicles cells [28]. However, due to the lack of a dSod3 antibody suitable 
for immunohistochemical experiments, the concrete localization of dSod3 has been unknown. In this 
work, we tested an antibody, that was originally made against human superoxide dismutase 3 
(hSOD3), to detect the Drosophila superoxide dismutase 3 (dSod3). First, we aligned and compared 
amino acid sequences of hSOD3, mouse superoxide dismutase (mSod3) and dSod3 (Figure 1, D). We 
found a commercially available antibody against hSOD3 that showed a grade of conservation in the 
amino acid sequence with dSod3 and at the same time low conservation with the remaining isoforms 
dSod1 and dSod2. Consequently, we decided to test whether we can detect dSod3 specifically (Figure 
1, B). The two bands of dSod3 detection are a known phenomenon  [24], the upper band nearly 
reaches the expected molecular weight of about 19 kDa. All together, we were able to generate an 
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antibody against the C-terminal domain of dNox and we found an antibody against the catalytic 
domain of dSod3. 

To localize dNox and dSod3 in adult ovaries, we dissected ovaries from adult females and 
performed indirect immunostaining on fixed tissue. The localization was checked in all stages of egg 
chamber development, from germarium to mature follicles and additionally in the oviduct. The most 
noticeable and representative regions during egg chamber development are shown in Figure 2. 

 

Figure 2. Comparison of dNox and dSod3 localization by immunohistochemistry A early egg 
chambers, B stage 10 egg chambers, and C late stages of egg chamber development. A dNox 
localization (left panel) and dSod3 localization (right panel) in early egg chambers, white arrowheads 
point to the muscle sheaths surrounding the ovarioles (respective to the black arrowheads in the 
transmitted light images) B dNox localization (left panel) and dSod3 localization (right panel) in stage 
10 egg chambers; focus was set to the follicle cell epithel that surrounds the growing oocyte. Boxes 
show magnified areas with black arrow heads pointing to tricellular junctions between the follicle 
cells that surround the oocyte. C dNox localization (left panel) and dSod3 localization (right panel) in 
the anterior region of late egg chambers; white arrowheads point to the anterior area of the mature 
egg with the operculum and the micropyle (respective to the black arrowheads in the transmitted 
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light images). All fluorescent images are accompanied by the respective transmitted light (TL) images 
for a better identification of all structures. Indirect immunostaining was done using anti-dNox (1:250; 
this work) or anti-dSod3 (1:250; #PA5-102904 Invitrogen) antibody combined with fluorophore 
coupled (Cy3 or Cy5) secondary antibodies on fixed ovaries. 

Besides in the ovariole epithelial muscle sheath, both enzymes share a similar protein 
localization pattern within the developing egg chambers. While dNox shows slight signals in the 
follicle cells of early egg chambers, dSod3 is expressed in the ovariole muscle sheath, that envelops 
each single ovariole (Figure 2, A left and right panels; see also Figure S1). From the onset of oocyte 
growth (at egg chamber stage 7/8, not shown) and even more prominently at stage 10B, dNox and 
dSod3 are both spatially associated with the tricellular contact regions visible between the main body 
follicular cells (Figure 2, B arrowhead; see also Figure S2), which form a monolayer covering the 
growing oocyte. The distribution of dNox and dSod3 appears in spots at these regions. In late-stage 
egg chambers dNox and dSod3 are mainly found at the anterior end of the mature eggs, surrounding 
the micropyle and operculum area (Figure 2, C, arrowheads) and, to a much lesser content, at the 
follicular epithelium, surrounding the mature egg (stage 14).  

As previous studies have shown that the ovulation process depends on proper dNox function 
[28,34], we also investigated the oviduct region of the ovary for potential dNox and dSod3 presence 
(Figure 3).  

 
Figure 3. dNox and dSod3 localization in the oviduct Oviducts of wildtype females, immunostained 
with: A, A’ anti-dNox antibody (1:250; this work) and B, B’ anti-dSod3 antibody (1:250; #PA5-102904 
Invitrogen) combined with fluorophore coupled secondary antibodies on fixed ovaries. Fluorescent 
images are accompanied by the respective transmitted light (TL) images for a better identification of 
all structures. Filled arrowheads point to the common oviduct and unfilled arrowheads depict parts 
of the lateral oviducts. While A and B show a cross section focus, C shows a magnified and surface 
focused view from B for a more detailed representation of the dSod3 localization in the common 
oviduct area. Asterisks in A and A ‘mark a corpus luteum (CL). 

Within the oviduct region of the ovary, dNox was detected in the corpus luteum (CL), and to a 
low content, in the common and the lateral oviduct (Figure 3, A; see also Figure S2 and Figure S3). 
dSod3 is localized in the muscle layer of the common as well as the lateral oviduct (Figure 3, B and 
C; see also Figure S1). 

Taken together, both proteins share a similar spatio-temporal distribution pattern in the 
follicular epithel of developing mid- to late-stage egg chambers. Furthermore, the ovarian muscle 
tissue appears as a prominent region for dSod3 distribution. We found dSod3 at the epithelial muscle 
sheath, a thin circular layer that is surrounding every single ovariole and at the lateral and common 
oviduct musculature, which represents a circular layer of somatic muscles.  
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dNox and dSod3 Are Involved in Egg Laying and/or Egg Hardening Processes 

To analyze the in vivo function of dNox and dSod3 in ovaries, we used the hypomorph mutant 
line, dsod3KG06029 (dsod3KG) and additionally knocked down dnox or dsod3 expression ubiquitously 
as well as specifically in the follicle epithel of the developing egg chambers using the Gal4/UAS-RNA 
interference (RNAi) system. For the RNAi experiments two different driver lines, actGal4 (expresses 
ubiquitously) and OvGal4 (expresses specifically in follicle cells covering the developing oocyte) 
were used and two independent RNAi lines each for dsod3 (dsod3R1 and dsod3R2) and dnox 
(dnoxR1 and dnoxR2), respectively (see more tested ovarian specific driver lines in Figure S4). As 
control, w1118 (+/+) females were used. We examined female abdominal morphology, ovarian 
morphology, egg morphology, egg laying rate, and hatching rate of either heterozygous (+/dsod3KG) 
or homozygous (dsod3KG/ dsod3KG) individuals and of females with either ubiquitous or ovarian 
specific downregulated dsod3 (Figure 4). 

 

Figure 4. Diminished level of dsod3 has impact on ovary function and egg laying A-F abdominal 
morphology, A’-F’ ovary morphology, A’’-F’’ laid eggs morphology. First lane: control (+/+) 
compared to females with diminished gene dose of dsod3: heterozygous mutant (+/dsod3KG) and 
homozygous mutant (dsod3KG/dsod3KG).Second lane: control without RNAi induction (+/dsod3R2) 
compared to females with ubiquitously (actGal4/dsod3R2) or ovarian specific (OvGal4/dsod3R2) 
downregulated dsod3 G,H egg laying rates (per female per 24 h) of different genotypes with 
diminished dsod3 level (n ≥ 20 females for each genotype) I,J hatching rates of the different genotypes 
with diminished dsod3 level. Error bars mark standard deviation. 
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As can be seen in Figure 4, A-C, the abdomen of the heterozygous (+/dsod3KG) and homozygous 
mutant (dsod3KG/dsod3KG) are enlarged when compared to the control (+/+). The same tendency can 
be seen in the morphology of the dissected ovaries (Figure 4, A’-C’). Both mutants contain a higher 
number of mature egg chamber stages than the control. The morphology of the laid eggs does not 
show any obvious differences to the control (Figure 4, A’’-C’’). Similarly, females with ubiquitously 
or ovarian specific downregulated dsod3 (Figure 4, E and F) show enlarged abdomen compared to 
control (Figure 4, D). This can be seen even more clearly in the morphology of the ovaries (Figure 4, 
E’,F’). Females with downregulated dsod3 contain a higher number of mature egg chamber stages in 
their ovaries compared to control. The tendencies were reproduced with the second dsod3-RNAi line 
(see supplementary Figure S5). Interestingly, the egg laying rate of the dsod3KG mutants was 
significantly different. While heterozygous (+/dsod3KG) females laid down nearly as many eggs per 
24 hours as control females, egg laying ability of homozygous (dsod3KG/dsod3KG) females was 
lowered by about 50 % (Figure 4, G). Furthermore, the hatching rate of the eggs laid by homozygous 
(dsod3KG/dsod3KG) females was significantly reduced by about 40 %, compared to eggs laid by a 
heterozygous or a control female (Figure 4, I).  

RNAi knockdown of dsod3 diminished the egg laying rate by about 30-40 %, independent of 
ubiquitous or ovarian specific downregulation (Figure 4, H), while the hatching rate was not 
markedly affected when dsod3 was RNAi downregulated (Figure 4, J). 

In summary, we could show that a diminished level of dsod3 expression is connected to a 
lowered egg laying rate. The observation that ovarian specific RNAi knockdown of dsod3 can impair 
the egg laying process reveals an ovarian specific function for dSod3 at the follicular epithel.  

Using downregulation of dNox by RNA interference, we also analyzed the impact of dNox on 
ovarian tissue. As for dsod3, we investigated female abdominal morphology, ovarian morphology, 
egg laying rate, egg morphology and hatching rate of either females with ubiquitous downregulated 
dnox (actGal4/dnoxR2) or ovarian specific downregulated dnox (OvGal4/dnoxR2) (Figure 5). 
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Figure 5. Diminished level of dnox has impact on ovary function, egg laying and chorion 
development A-D abdominal morphology is enlarged in females with ubiquitously (actGal4/dnoxR2) 
or ovarian specific (OvGal4/dnoxR2) downregulated dnox compared to the controls (actGal4/+ and 
OvGal4/+). A’-D’ Ovaries with ubiquitously (actGal4/dnoxR2) or ovarian specific (OvGal4/dnoxR2) 
downregulated dnox are enlarged and contain more late-stage egg chambers compared to their 
controls (actGal4/+ and OvGal4/+). A’’-D’’ Naturally laid eggs from females with ubiquitously 
(actGal4/dnoxR2) or ovarian specific downregulated dnox (OvGal4/dnoxR2) are smaller and show 
dysmorphic chorion structures compared to the morphology control (actGal4/+ and OvGal4/+). E, F 
egg laying rates per female per 24 h of different genotypes with diminished dnox level (n ≥ 25 females 
for each genotype) I, J hatching rates of the different genotypes with diminished dnox level. Error 
bars mark standard deviation. 

As can be seen in Figure 5, both, the abdomen of females with ubiquitously downregulated dnox 
(Figure 5, B), and with ovarian specific downregulated dnox (Figure 5, D) is enlarged compared to 
the controls (Figure 5, A and C, respectively). The same differences can be seen in the morphology of 
the ovaries. Females with downregulated dnox (Figure 5; B’, D’) show enlarged ovaries compared to 
their controls (Figure 5, A’ and C’). Interestingly, in contrary to the eggs laid by females with 
downregulated dsod3, a diminished dnox causes significant morphological differences of the eggs. 
Eggs laid by females with downregulated dnox (Figure 5, B’’ and D’’) have an mis-/underdeveloped 
chorion structure or even no chorion at all, while empty chorion particles could be found in proximity 
of the chorion-lacking eggs. The same results were obtained with second dnox-RNAi line (see Figure 
S5).  

The egg laying rate of females with downregulated dnox is different. While control females 
(actGal4/+ or OvGal4/+) lay about 50-60 eggs per 24 hours, females with downregulated dnox lay 
about 10-20 eggs during the same time frame (Figure 5, E). Furthermore, the hatching rate of the eggs 
laid by dnox downregulated females is nearly depleted (1 %) compared to eggs laid by control 
females that hatch with a rate about 90 % (Figure 5, F). 

Taken together, ubiquitous and ovarian specific downregulation of dnox in main body follicle 
cells, which cover the growing oocyte, seems to have a significant impact during late egg chamber 
processing. As dissection of the flies revealed enlarged ovaries with a high number of mature egg 
chambers when dnox is downregulated by RNAi, we assume that oogenesis until late-stage egg 
chambers is not affected by dnox knockdown, an observation that enforces earlier results [28]. The 
morphological inspection of the late-stage eggs in the ovary itself initially provided no evidence of 
defective development in the final stage of oogenesis, but the peculiar morphology of the laid eggs 
in the case of dnox downregulation aroused further investigation of the late-stage eggs in the ovary. 

Interestingly, we observed a difference of the intrinsic fluorescence signal in chorion structures 
of mature egg chambers in ovaries with downregulated dnox (Figure 6, C, D). This difference was 
not detected in chorion structures of mature egg chambers with downregulated dsod3 (Figure 6, A, 
B). 

 
Figure 6. Chorion dysmorphology in dnox downregulated ovaries A control ovary (+/dsod3R1), B 
ovary with ovarian specific downregulation of dsod3 (OvGal4/dsod3R1) and C control ovary 
(OvGal4/+) show fluorescence signals at chorion structures (white arrowheads). D ovary with ovarian 
specific (OvGal4/dnoxR1) downregulation of dnox. All ovaries were tested for intrinsic fluorescence 
signals after excitation with 470 nm and with GFP-specific emission filter set. White arrowheads point 
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to the dorsal appendages of the chorion, unfilled white arrowheads to the yolk of mature egg 
chambers. Scale bars 100 µm. 

Both, control ovaries (+/dsod3R1; Figure 6, A) and ovaries with ovarian specific downregulation 
of dsod3 (OvGal4/dsod3R1; Figure 6, B) show an intrinsic fluorescence signal at the dorsal 
appendages, a chorionic structure of late-stage egg chambers. Control ovaries without dnox RNAi 
downregulation (OvGal4/+; Figure 6, C) also have an intrinsic fluorescence signal within chorionic 
structures of late-stage egg chambers. In contrast, ovaries with downregulation of dnox (Figure 6, D) 
show no intrinsic fluorescence signal of the respective chorion structures (Figure 6, D, white 
arrowheads) and an altered yolk structure compared to control (Figure 6, D, unfilled white 
arrowheads). The yolk of mature eggs in dnox downregulated ovaries seems more granulated 
compared to the control (Figure 6; C, D).  

Taken together, a failure in chorion development, that comes along with a unique yolk structure, 
may be the possible cause of impaired egg laying and the disturbed chorion structure of the laid eggs. 
These effects were also observed using alternative ovarian specific driver lines (see Figure S6). 

dSod Activity within dsod3KG Ovaries 

As shown above, morphology of the ovaries and egg laying behavior is impacted by the dsod3KG 
mutation. This insertion mutant has been described having effect on dsod3 expression and function, 
as it has shown negative impact on the overall Cu/Zn-dSod activity in whole fly homogenates [25]. 
Neither immunostaining using dSod3 antibodies revealed differences of dsod3KG ovaries compared 
to control, nor an ELISA test on ovary homogenates showed significant differences between the 
amount of dSod3 in the dsod3KG mutant compared to wildtype control (not shown). Therefore, we 
concluded, that the cause might not be the amount of dSod3 but the activity of the enzyme. Therefore, 
we assumed that the analysis of the dSod activity in the ovarian tissue would provide insight into the 
correlation of amount of active enzyme with the deficiencies in fecundity.  

Previous studies estimated total dSod activity of all three dSod isoforms or Cu/Zn-dSod activity 
(by inactivation of Mn-dSod) from whole adult fly samples [25].  

Our goal was to estimate total dSod activity directly in the tissue, and we could show that the 
dsod3KG mutation has physiological/functional consequences. This assay was realized using 
homogenates of ovaries (Figure 7, A). By this, we could show a reduced overall dSod activity in the 
dsod3KG mutant, but it was impossible to differentiate between the dSod isoforms (dSod1-3) and 
which of the isoforms being relatable for the measured dSod activity.  

 

Figure 7. Total dSod activity compared to extracellular dSod3 activity of Drosophila ovaries A 
Relative dSod enzyme activity within ovary homogenates of the control (+/+), the heterozygous 
mutant (+/dsod3KG) and the homozygous mutant (dsod3KG/dsod3KG); n=5 for each genotype; p-value 
≤ 0.0001. B Relative extracellular dSod3 activity from intact ovaries of control (+/+) or homozygous 
mutant (dsod3KG/dsod3KG); n=8 for each genotype; p-value ≤ 0.01. Values are normalized to control, 
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unpaired t-test provided information about significances. n.s. = not significant; * = significant, error 
bars mark the standard deviation. 

The relative dSod activity in homogenized ovaries of the dsod3KG mutant is significantly lower 
compared to the wildtype control (+/+) (Figure 7, A). However, no significant difference in total dSod 
activity (all three dSod isoforms) could be detected between homozygous (dsod3KG/dsod3KG) and 
heterozygous (dsod3KG/+) mutant ovaries.  

As the dSod3 isoform is predicted extracellularly, we then established a new dSod3 assay, using 
intact ovaries (Figure 7, B and Figure S5). Doing so, it was possible to determine if ovaries show an 
extracellular dSod3 activity and to differentiate this activity from the intracellular dSod1 and dSod2 
activity measured in homogenates. Focusing on the relative activity of extracellular dSod3, we could 
see a reduction about 90 % in ovaries from the homozygous (dsod3KG/dsod3KG) mutant compared to 
control (+/+) (Figure 7, B).  

Redox Differences in Ovaries 

After having shown that dSod3 activity is significantly reduced in dsod3KG mutant ovaries, we 
aimed to test changes in relative H2O2 level in whole ovaries and at different stages of individual egg 
chambers. To obtain information about the endogenous H2O2 level, we utilized a genetically encoded 
redox sensitive green fluorescent protein 2 sensor (roGFP2), specific for hydrogen peroxide as the 
roGFP2 is coupled to a microbial H2O2 sensor oxidant receptor peroxidase 1 (Orp1) [36,37]. We 
crossed homozygous biosensor-transgenic flies (BL67670; with roGFP2-Orp1-H2O2-sensor expressed 
ubiquitously through the tubulin promoter) with homozygous dsod3KG mutant flies or with wildtype 
as control. Ovaries of the resulting F1 females (heterozygous for the sensor and for the dsod3KG 
mutation) were dissected and either measured as whole ovaries in a plate reader-based assay (Figure 
8, A) or single egg chambers were dissected and imaged using fluorescence microscopy (Figure 8, B 
and C). 

 
Figure 8. Endogenous H2O2 level reduced in ovaries of the dsod3KG mutant A Relative H2O2 level in 
whole ovaries measured by genetically encoded roGFP2-Orp1-H2O2-sensor in a plate reader (n=55 per 
genotype); DR (dynamic range) of each genotype B Relative H2O2 level in different stages of egg 
chamber development measured on fluorescent microscope (n>30 for each genotype and egg chamber 
stage; *, p-value ≤ 0.005; error bars mark standard deviation) C Example of egg chambers expressing 
the sensor molecule. Fluorescence was excited at 470 nm and at 405 nm and always detected at 500-
550 nm. The ratio of both values reveals the oxidation status (and therefore the relative H2O2 level) of 
the sensor molecule. 

Ovaries of both genotypes were tested for sensor functionality by determining their 
responsiveness to exogenous reduction and oxidation by exposure of freshly prepared ovaries to the 
exogenous reductant (dithiothreitol, DTT), for maximum reduction or exogenous oxidant (diamide, 
DA), for maximum oxidation of the tissue. Both genotypes showed a similar dynamic range (DR; 
ratio of Oxmax/Oxred) of about 1.65. Therefore, the dsod3KG mutation seems to have no impact on the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 April 2024                   doi:10.20944/preprints202404.1588.v1

https://doi.org/10.20944/preprints202404.1588.v1


 11 

 

functionality of the sensor itself. The reduced gene dose in the heterozygous dsod3KG mutant ovaries 
(dsod3KG/roGFP2) led to a 14 % decrease in H2O2 levels compared to control ovaries (+/roGFP2) 
(Figure 8, A).  

Similar significant difference of about 14 % was also given in each stage of the analyzed 
individual egg chambers (Figure 8, B). Interestingly, late-stage egg chambers (stage 14) showed a two 
to three-fold higher H2O2 level compared to earlier stages. In single egg chambers, DR was about 2.14 
(+/roGFP2) and 2.69 (dsod3KG/roGFP2). The area that was considered for redox measurement within 
a single egg chamber always excluded the yolk, as can be seen in the ratio image (Figure 8, C). This 
was necessary, as with the given excitation wavelength, the intrinsic fluorescence of the yolk would 
have led to incorrect results. Therefore, we focused on H2O2 levels within the follicular epithel around 
the growing oocyte and the nutrient cells. Taken together, the H2O2 levels intrinsically increase within 
late-stage egg chambers and a reduced dsod3 gene dose in dsod3KG mutants relates to reduced H2O2 
levels within the above-mentioned areas. 

3. Discussion 

The development of human ovarian dysfunctions like endometriosis, polycystic ovary 
syndrome (PCOS) oocyte stress/aging and unexplained infertility is often directly associated with an 
imbalance between oxidants and antioxidants [38,39]. However, due to ethical and practical 
obstacles, it is difficult to learn adequately about both, the physiological role of ROS and the 
pathological development processes associated with oxidative stress during human reproduction. 
Over the last decade Drosophila has been used successfully as model organism in the context of 
ovarian (mis)functions [18,40–42]. Genes involved in Drosophila ovarian function have remained 
highly conserved throughout evolution [43] and even cellular organization and oocyte development 
show similarities [18].  

In this study, the impact of the ROS-producing NADPH oxidases (NOX/dNox) and the 
antioxidative extracellular superoxide dismutases (EC-SOD/dSod3) on the ovarian function was 
analyzed.  

The Drosophila NADPH oxidase (dNox) represents the orthologue to the human NOX5. The 
function of NOX proteins in the human female reproductive organs is still unclear, but NOX4 and 
NOX5 proteins were shown to be localized in the human ovary [44–46] and were described in human 
granulosa cells by RT-PCR [47].  

Previous studies narrowed down the localization of Drosophila dNox indirectly to the plasma 
membrane of follicle cells in mature egg chambers (stage 14) [28] and single-cell RNA sequencing 
identified dNox expression in follicle cells [48].  

Our results agree with previous RNA sequencing data and expand the preliminary localization 
of previous studies to a more widespread localization of dNox in the follicular epithelium of 
developing mid to late egg chambers.  

We further show that ubiquitous or ovarian specific downregulation of dNox in the follicular 
epithelium leads to a diminished number of laid eggs and rough chorionic defects resulting in a non-
viable progeny. Reduced egg laying and ovulation rate has been described before [28,34], but none 
of the previous studies reported chorionic defects or a diminished hatching rate. Instead, Ritsick et 
al. describe that eggs laid by tubulinPGal4>UASdnox-RNAi females have normal hatching rates and 
are fully viable [34]. We therefore tested additional driver lines to see whether they had an influence 
on the hatching (see Table S1). Except for slboGal4 (BL6458), all ovarian specific driver lines and the 
ubiquitous driver line actGal4 (BL3954) led to an extremely reduced laying rate and a disabled 
hatching with non-viable progeny. These results suggest that the function of dNox in follicular cells 
surrounding the maturing oocyte is essential. In contrast to previous studies, in which eggs of the 
final stage of maturity were dissected from the ovary and subjected to a rupture test in vitro [28], we 
observed significant damage to the entire chorion of naturally laid eggs. In addition, we were able to 
detect differences in the chorion structure of late-stage egg chambers in prepared but still intact 
ovaries. 
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We also tested 47A04Gal4 (BL50286), the driver line that was used in previous studies to 
knockdown dnox in follicle cells of only mature late-stage-14 egg chambers [28]. This knockdown led 
to a reduced in vitro follicle rupture of dissected eggs. In contrast, our experiments to knockdown 
dnox with this driver line showed no morphologic changes of the ovaries (see Figure S 3 and Figure 
S6), only a slightly reduced egg laying, and no morphologically impacted eggs (not shown). This 
might be due to the experimental conditions, as Li et al. performed all RNAi knockdown experiments 
under amplifying conditions at 29 °C and with co-expression of additional Dicer2 (dcr2) protein [28]. 
All our dnox RNAi knockdown experiments were performed at 25 °C. Additionally, all ovary-specific 
driver lines we used targeted follicle cells in a broader range, from early to mid-stage egg chambers. 
Therefore, we believe that we revealed dNox functions at earlier stages, because stronger effects 
occurred this way. This is consistent with our localization results of dNox in the mid-stage egg 
chamber stages as well. 

Considering dNox producing superoxide anions (O2●-) to the extracellular space, the loss of these 
reactive oxygen species (in case of the dNox downregulation) may cause the above-mentioned 
morphological consequences on the entire chorion structure. Otherwise, the superoxide anions may 
usually be involved in further reactions, leading to molecules like peroxynitrite (ONOO-) or hydrogen 
peroxide (H2O2) [49].  

The appearance of hydrogen peroxide in Drosophila egg chambers has been described at the end 
of the eggshell assembly, where it is supposed to be the natural trigger of the peroxidase (Pxd)-
catalyzed chorion protein crosslinking [50–52]. By this hardening process the chorion becomes 
insoluble and able to protect the laid egg from desiccation. The source of the needed hydrogen 
peroxide is not fully understood, as it has already been proven chemically, but the biological source 
has never been precisely named [53,54]. We suppose that the missing source of hydrogen peroxide 
might be the dNox-produced superoxide anions which might be dismutated by extracellular dSod3 
to hydrogen peroxide. Therefore, the lack of superoxide anions, due to dnox knockdown, could lead 
to morphological changes in the chorion, such as we observed.  

The localization of the Pxd is described mainly in the respiratory filaments, in the micropyle area 
and to a lower content in the chorion structure of stage 14 follicles [51], matching to the localization 
of dNox and dSod3 we found in this work. Additionally, in previous studies the use of a peroxidase 
inhibitor suppressed egg laying which resulted in chorions that were cracked during egg delivery 
[55] similar to the observations in our work.  

Furthermore, since the reduced H2O2 level we proved within the egg chambers of the dsod3KG 
mutant and the RNAi-knockdown of dsod3 did not result in chorionic defects, as they were observed 
when dnox is knocked down, we assume that an epistatic event occurs here. Depletion of dnox, the 
source of superoxide anions that are the substrate for dSod3, may have a greater effect on lowering 
H2O2 levels than mutation/depletion of dsod3. As long as superoxide anions are still produced by 
dNox, they can dismutate spontaneously or are dismutated sufficiently, even with a reduced dSod3 
function. However, we have not yet been able to measure the H2O2 level in dnox knockdown ovaries, 
as co-expression of both constructs (roGFP2-sensor and UAS-dnoxRNAi) led to lethality. 

Extracellular hydrogen peroxide production was also described to be a critical step for the in 
vitro follicle rupture [28]. Within the follicle rupture process, extracellular dSod3 was suggested to 
convert dNox-produced superoxide to hydrogen peroxide, but it remained unclear whether 
hydrogen peroxide acts extracellularly or diffuses through the cell membrane to reach targets for 
follicle rupture [28]. Since the roGFP2 sensor used in our study is expressed cytoplasmically, the 
observed reduction in hydrogen peroxide level (in dsod3KG mutants) should be attributed to the 
cytoplasm, suggesting that the hydrogen peroxide has at least partially penetrated the corresponding 
cells. However, this does not rule out that the hydrogen peroxide produced extracellularly does not 
have extracellular functions. 

The Drosophila superoxide dismutase 3 (dSod3) represents the orthologue to the human SOD3 
or EC-SOD. High expression of human Cu/Zn-SOD was detected in granulosa cells and theca interna 
cells of antral and dominant follicles as well as in luteinized granulosa and theca cells of functioning 
corpora lutea [7,15,56], while extracellular SOD3/EC-SOD was shown in bovine cumulus cells and in 
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cultured cumulus cell/oocyte-complexes (COC), where it is the only SOD isoform that can be detected 
in the zona pellucida [57]. EC-SOD was also shown to be a critical regulator of the COC’s extracellular 
matrix (ECM) [12,58]. Due to the lack useful antibodies, few is known about localization of dSod3 in 
the reproductive tract of Drosophila: the dsod3 expression is elevated in ovaries [26], it has been shown 
that dSod3 is enriched in late-stage egg chambers [27] and overexpression of dSod3-HA in follicle 
cells led to the assumption of an extracellular localization of dSod3 in the flies’ ovaries [28]. 

Our results show a localization of dSod3 in the follicular epithelium of developing egg chambers, 
in the epithelial muscle-sheath of the ovarioles and in the muscle layer of the oviduct. Accordingly, 
there is a similar localization of both enzymes in the mammalian granulosa cells/in the zona 
pellucida, which in Drosophila corresponds to the follicular cells/the space between the follicular cells 
and the egg cell. The localization of dSod3 at muscle sheaths might represent the predicted 
membrane-bound isoform [25] and may correspond to the smooth muscle cells associated SOD3 [59]. 

Previous studies described a dNox depletion-associated inhibition of muscle contractions in the 
ovaries [34], which led us to suggest a spatial cooperation of dNox and dSod3 may play a role within 
the muscle sheaths. Our localization experiments revealed that both enzymes are present in the 
oviduct. As the ovulation rate was markedly lower in dnox RNAi females, previous studies concluded 
a defective movement of the egg from ovary into oviducts and showed markedly attenuated muscle 
contractions in dnox depleted ovaries [34]. The muscles surrounding the gut and gonads are 
functionally analogous to vertebrate smooth muscle [60]. There are three muscle types in the ovary: 
the peritoneal sheath surrounding each of the two intact ovaries, and the epithelial sheath, thin 
circular muscle that surround each of the approximately 16 ovarioles, both derive from mesodermal 
cells. Lateral oviducts, that fuse into the common oviduct through wich mature eggs pass to enter the 
uterus, are surrounded by a circular layer of somatic muscles [60].  

The precise mechanisms inducing muscle contraction and relaxation in the Drosophila ovaries 
are not known, but previous studies show that both processes are regulated by octopamine via two 
receptors, OAMB and Octß2R, that are expressed in the epithelia underneath the muscle layer of the 
entire oviduct [61] and the follicle cells surrounding the devloping egg [62]. Octopamine/OAMB 
induces a rise in intracellular Ca2+ in these cells [61–63]. Octopamine/OAMB-Ca2+ is then able to 
activate dNox to produce superoxide anions to the extracellular space [28]. The role of dNox derived 
superoxide anions is still not clear. Getting dismutated to hydrogen peroxide they may be important 
for the rupturation process, as stated in [28]. However, superoxide anions might also have impact on 
contraction or relaxion processes in the oviduct muscles. A role for Ca2+-sensitive NOX5 in redox 
regulation of smooth muscle contraction has been shown [64]. 

Assuming the smooth-like muscles of the oviduct are sensitive for nitric oxide (NO●) signaling, 
extracellular dSod3 activity could regulate the contraction or dilation process by modulation of the 
dNox produced superoxide ion levels, as they are able to switch off the nitric oxide response [49]. 
NO-Signaling is known in the mammalian ovarian physiology as it has been demonstrated that the 
multiple isoenzymes of nitric oxide synthase (NOS) are expressed and localized in the ovary of 
different species [65,66]. A role for NO was ascribed in the processes of steroidogenesis, 
folliculogenesis, oocyte meiotic maturation and ovulation [65,67,68]. SODs in mammals are known 
to modulate the bioavailability of nitric oxide and peroxynitrite (ONOO-) rate at vascular smooth 
muscles or, hence, in the extracellular space [49,69].  

Therefore, superoxide ions, which normally switch off the nitric oxide response, could be 
overrepresented when dsod3 is downregulated in oviducts, leading to an impaired dilatation of the 
oviduct musculature. That might impact the contraction/dilation of the lateral or common oviduct, 
and therefore may block the exit for the mature follicles. 

This would be conform the significantly reduced egg laying rate we observed with the dsod3KG 
mutant and the dsod3 RNAi experiments. However, a role for nitric oxide in the Drosophila 
reproductive tract has not been described by now. In future experiments, it would be interesting to 
investigate NO synthase function in Drosophila ovaries.  
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4. Conclusions 

In this study we show that in the female reproductive tissue, the localization of dNox and dSod3 
largely corresponds to the localization of the mammalian orthologous NOX5 and EC-SOD. This forms 
a good basis for exploring the function of the mammalian counterparts using the model organism 
Drosophila. Our results indicate a collaboration between the two enzymes dNox and dSod3, not only 
during the egg hardening process, but also during the way of the mature eggs through the oviduct.  

5. Materials and Methods 

Antibodies 

The dNox antibody was generated against a synthesized peptide according to the amino acid 
sequence of the C-terminal end (aa 1325 to aa 1340). Synthetization of the peptide and immunization 
process was done at GeneCust Service (Boynes, France). The antigen region can be found in all 
annotated isoforms of dNox (dNox-PB, -PC, -PD and -PE), making the antibody detecting all of them. 
Cross-reaction of the antibody with the second (dual specific) NADPH oxidase (dDuox) was avoided 
by checking amino acid sequences with alignments and by blast.  

Immunoblotting and Immunostaining 

For western blotting analyses, ovaries were freshly prepared in ice-cold phosphate buffered 
saline (1X PBS: 137 mM NaCl, 2.7 mM KCl, 2 mM KH2PO4, 1.8 mM Na2HPO4·2H2O), transferred to 
homogenization buffer (1X PBS with 1 % sodiumdodecylsulfate (SDS) and manually homogenized 
with a pistil on ice and an additional 3X10 sec sonification step (5 ovaries per 200 µl). Loading buffer 
was added to the homogenates and probes were boiled at 95°C. Afterwards, probes were separated 
on SDS-polyacrylamide gel electrophoresis (PAGE) and blotted on nitrocellulose membrane. 
Blocking was done with 5 % skimmed milk powder. For immunoblotting, the dNox antibody (1:250; 
this work), dSod3 antibody (1:250; Invitrogen #PA5-102904) and α-Tubulin antibody (1:4000; Sigma 
#6144) were used and detected with peroxidase conjugated secondary anti-rabbit (Sigma; #A0545) or 
anti-mouse (Sigma; #A9044) antibody (1:20.000) and ECL western blotting substrate (Thermo 
ScientificTM PierceTM; #32106). Incubation with primary antibody was performed over night at 8 °C, 
secondary antibodies for 2 h at room temperature (RT). 

For immunostaining, ovaries were freshly prepared in ice-cold 1X PBS, fixed with 4 % 
paraformaldehyde (PFA) for 1h at RT, rinsed in high salted 1X PBShs (500 mM NaCl, 2.7 mM KCl, 1.8 
mM KH2PO4, 10.1 mM Na2HPO4·2H2O), washed repeatedly in 1X PBShs with 0.5 % Tween 20 (1X 
PBSThs) and blocked with 1XPBSThs with 5 % fetal calf serum (FCS) for 30 min at RT. For 
immunostaining, the dNox antibody (1:500; this work), dSod3 antibody (1:500; Invitrogen #PA5-
102904) were used and detected with fluorophore (CyTM3 or CYTM5) conjugated secondary anti-rabbit 
antibodies (1:500; Jackson Immunoresearch #111-165-003 and #111-175-003). Incubation with primary 
antibody was performed over night at 8 °C secondary antibodies for 2 h at RT. 

Fly Strains 

Strains obtained from the Bloomington Drosophila Stock Centre (BDSC; given with BL number) 
or Vienna Drosophila Research Centre (VDRC; given with VDRC ID number) are: dsod3KG06029 

(BL14138); UAS-dsod3R1 (VDRC8760); UAS-dsod3R2 (VDRC37793); UAS-dnoxR1 (BL32433); UAS-
dnoxR2 (BL32902); actGal4 (BL3954); OvGal4 (BL3750; also known as “c355Gal4”); slboGal4 (BL6458); 
CY2Gal4 (BL93734); GR1Gal4 (BL36287); 47A04Gal4 (BL50286; enhancer trap line from janelia 
campus); w1118 (BL5905); YW (BL6599); tub-cyto-roGFP2-Orp1 (BL67670; [37]); CRIMIC-dnoxGal4 
(BL78988); UAS-mCD8-cherryRFP (BL27392) 

Egg Laying/Egg Hatching Analysis 

To get females with the required genotype crossings were done by putting equal amounts of 
male and female flies of the same age together and keeping them in vials under standard conditions 
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(25 °C; 65 % humidity; 12/12 dark light cycle). Resulting virgin F1 females were separated and 
backcrossed with equal amounts of males from the control strain (w1118 or YW). Backcrosses (n=3 for 
each genotype) were kept in egg laying cups for up to 5 days at standard conditions, holding apple 
juice agar plates with equal amounts of yeast paste that were changed twice in every 24 h. Since the 
flies need an acclimatization period until a constant egg laying rate is reached, the first 24 hours after 
the crossing were not included in the evaluations. For the evaluation, at least double determinations 
were carried out for each backcross by counting day 2 (24-48 h after crossing) and day 3 (48-72 h after 
crossing). Laid eggs on each plate were counted to estimate the egg laying rate per female in 24 h of 
each genotype, then the plates were kept another 24-72 hours at standard conditions. Hatched larvae 
on each plate were counted to estimate the hatching rate of each analyzed genotype. Female flies 
from the egg laying cups were documented for abdominal morphology and subsequently prepared 
ovaries were documented for ovarian morphology. Eggs were photographed on apple juice agar 
plates, to document egg morphology. All images were taken with the help of a binocular and a Canon 
EOS-RP camera under consistent conditions. 

dSod Activity Assay/dSod3 Activity Assay  

Total dSod activity in ovarian tissue was examined using a modified Sod activity assay based 
on [70]. For each sample, five freshly dissected ovaries were manually homogenized and dissolved 
in 350 µl phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 2 mM KH2PO4, 1.8 mM 
Na2HPO4·2H2O) followed by a serial dilution. Each well of a 96-well plate was preloaded with 110 µl 
reaction solution (PBS containing 100 µM hypoxanthine and 300 µM water-soluble tetrazolium salt 
(WST-1)). In each preloaded well 70 µl of a sample dilution were added, before starting the enzymatic 
reaction by adding 20 µl xanthine oxidase (0.0125 U/ml) per well.  

As superoxide anions are produced when hypoxanthine is degraded by the xanthine oxidase, 
the WST-1 is transformed into WST-1-formazan, which is a yellow dye that can be detected by optical 
density measurement in a plate reader. The higher the total dSod activity in the samples, the lower 
the production of WST-1-formazan. Measurements were performed in 96-well plates with the Spark 
multimode microplate reader (Tecan Group) at a wavelength of 450 nm using 620 nm as reference 
and at 25 °C. Since ovaries of the three genotypes differ in size, the dSod activity per amount of 
protein was determined. For this, a BCA protein quantification (ThermoFisher Scientific; PierceTM 
BCA Protein Assay Kit, #23225) in duplicates of each sample dilution was done separately. 

Furthermore, we established a modified dSod3 activity assay to be able to distinguish between 
intra- and extracellular dSod activity. Each assay was carried out measuring the activity of the 
extracellular dSod3 of a single intact ovary per well. Each well was preloaded with 188 µl reaction 
solution (Drosophila saline (DS; 130 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 5 mM HEPES, 
36 mM sucrose, 5 mM glucose; pH 7.0 at 25 °C) containing 100 µM hypoxanthine and 300 µM water-
soluble tetrazolium salt (WST-1)). To start the reaction, 12 µl of xanthine oxidase (0.05 U/ml) was 
added per well and measurement was immediately started. Readings were taken every minute for 5 
minutes without ovaries to get the basal activity of the added xanthine oxidase. After 5 minutes, 
freshly in Drosophila saline dissected intact ovaries were added (one per well). The higher the 
extracellular dSod3 activity of an ovary, the more inhibition of WST-1-formazan production (see also 
Figure S5). As control, wells without added ovary were measured (getting the dynamic/curve of an 
unhindered WST-1-formazan production). Measurements were continued immediately (per minute) 
for 5 more minutes. Subsequently, ovaries were removed from the wells and measurements were 
continued (per minute) for 5 more minutes. The evolution of the optical density was established 
graphically and the relative extracellular enzyme activity of dSod3 could be determined. 

H2O2 Sensor Measurements 

H2O2-levels in whole ovaries and in different stages of single egg chambers were observed by 
using transgenic flies ubiquitously expressing a genetically encoded roGFP2-Orp1-H2O2-sensor that 
allows measuring H2O2 (BL67670; [37]).  
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For the measurement in whole ovaries, a 96-well plate (dark, conical bottom) was prepared by 
adding 50 µl PBS per well. Freshly in phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 2 
mM KH2PO4, 1.8 mM Na2HPO4·2H2O) dissected ovaries were placed at the bottom into the center of 
the wells (one per well). Measurement was started immediately. Fluorescence was excited 
sequentially at 405 and 490 nm, emission detected at 500-560 nm. Calibration was done with the same 
ovaries, fully reduced by adding dithiothreitol (DTT) to a final concentration of 2 mM or fully 
oxidized by adding diamide (DA) to a final concentration of 0.5 mM. Measurement was restarted 
immediately. Maximum reduction was reached after 5 minutes, maximum oxidation was reached 
after 10 min. Ratio values were calculated by the division of the 405 nm value by the 490 nm value. 
Dynamic range (DR) was calculated by the division: ratio of maximum oxidation/ratio of maximum 
reduction 

For the measurement of single egg chambers, a sealing ring (ø 10/6 mm), fixed on a coverslip 
was prefilled with 50 µl 1X PBS. Ovaries were dissected in 1X PBS and staged egg chambers were 
transferred into the sealing ring and imaged immediately. Calibration was done with the same egg 
chambers, now fully reduced by adding dithiothreitol (DTT) to a final concentration of 2 mM or fully 
oxidized by adding diamide (DA) to a final concentration of 0.5 mM. Measurement was restarted 
immediately. Maximum reduction was reached after 5 minutes, maximum oxidation was reached 
after 10 min. Imaging was done using an inverse epifluorescence microscope (Axiovert 200M, Carl 
Zeiss) with CoolLED pE-4000 light source, ORCA-fusion camera (Hamamatsu) and Slidebook6 (3i) 
imaging software. Fluorescence was excited sequentially at 405 and 470 nm and detected at 500-550 
nm (HQ 525/50 nm bandpass). Images were saved and exported as 16-bit tiff files and further 
processed in ImageJ. Paired 405 nm and 470 nm images were put into a stack. Yolk area was 
subtracted in both images using the 405 nm image with a matching threshold, creating a region of 
interest (ROI) that could be deleted in both images. Afterwards, the intensities of the 490 nm image 
were thresholded and values below this threshold were set to “not a number” (NaN). Values of each 
channel were obtained using “multi measure” and copied to microsoft excel. Values were calculated 
as ratio (405/490 nm). The ratio image was created by subtracting background with “rolling ball” set 
to 150 pixels, dividing the 405 nm image by the 490 nm image pixel by pixel and false coloring with 
lookup table “fire”. All images were taken with the same microscope settings. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: dSod3 localization in oviduct and ovariole muscle sheath; Figure S2: dNox 
localization in corpus luteum (CL) and follicle cells of mid-stage egg chamber; Figure S3: dnox expression in 
lateral and common oviduct of Drosophila ovaries; Figure S4: dnox RNAi knockdown with alternative driver; 
Figure S5: dnox RNAi knockdown with alternative effector lines; Figure S6: Chorion dysmorphology in dnox 
downregulated ovaries using alternative effector lines. 
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